The Hedgehog (Hh) gene family encodes a group of secreted signaling molecules that are essential for growth and patterning of many different body parts of vertebrate and invertebrate embryos (1) . Depending on the context, Hh signals can promote cell proliferation, prevent apoptosis, or induce specific cell fates. Hh family members can exert their effects not only on cells neighboring the source of the signal, but also over considerable distances (up to 30-cell diameters), acting in at least some cases as classic morphogens. Such morphogens are signaling molecules that diffuse from a source to form a concentration gradient over an extended area of the target field and elicit different responses from cells according to their position within the gradient, which in turn reflects the dosage of the ligand they are exposed to.
In the fruit fly Drosophila, Hh patterns the embryonic ectoderm via short-range interactions with other signaling molecules (2) . On the other hand, it employs two different strategies in larval wing imaginal discs: it induces a secondary signal (Decapentaplegic [Dpp]) locally, which then acts at a long range; and Hh itself diffuses over several cell diameters and acts as a morphogen (3) (4) (5) . Unlike Drosophila, which has one member of the Hh family, mice have three -Sonic hedgehog (Shh), Indian hedgehog (Ihh), and Desert hedgehog (Dhh) -with Shh being the best studied (Table 1) . Shh is expressed at the ventral end of the neural tube (floor plate) and underlying notochord, and patterns the neural tube along its dorsoventral axis (6) . Several pieces of evidence support the notion that this patterning is mediated by a direct morphogen activity of Shh. In vitro assays using undifferentiated neural tube explants demonstrate that different dosages of Shh can induce different cell types, where the relative dosages required to induce certain cell fates are consistent with their positions within the concentration gradient in vivo (7, 8) . More recently, it has become possible to visualize the endogenous Shh gradient covering the ventral half of the neural tube by immunofluorescence and immunohistochemistry (9, 10) . In addition, the cellautonomous activation or inactivation of the pathway using mutant forms of receptor components results in autonomous changes of cell fates, confirming the direct role of Hh signaling (11, 12) . The limb is another place where Shh may function as a morphogen. Shh is expressed in the posterior distal mesenchyme of the limb bud, called the zone of polarizing activity (ZPA), and makes a long-range gradient along the anteroposterior axis (13, 14) . This concentration gradient is believed to be important in specifying digit identities across the limb bud, with high dosages of Shh close to the ZPA inducing posterior digits and low dosages inducing anterior digits (13, 15, 16) . In addition to its importance during development, inappropriate activation of the Hh pathway has been implicated in human tumors such as basal cell carcinoma, medulloblastoma, fibrosarcoma, and rhabdomyosarcoma (17) .
Not surprisingly, significant effort has been devoted to uncovering the molecular mechanism of this pathway (1). Genetic and biochemical studies have established the current model in which Hh receptor Patched (Ptc) is a negative regulator of the pathway repressing the downstream activator Smoothened (Smo), and binding of Hh to Ptc abrogates this inhibition, leading to cellular responses via specific transcription factors known in the fly as Ci and in the mouse as Gli. During the past decade, much excitement has been generated by the discovery of the unusual posttranslational modifications that the Hh protein undergoes (18) : the addition of cholesterol (19) , which is unprecedented, and palmitoylation (20) , which is normally found in cytoplasmic proteins. Here, we will review our current understanding of the mechanism and biological relevance of the cholesterol modification of Hh, with additional discussion of the role of palmitoylation, which has come to light more recently.
further processed by internal cleavage to generate a 19-kDa N-terminal fragment (N-Hh) and a 25-kDa C-terminal fragment (C-Hh) with the concomitant addition of cholesterol at the C-terminus of N-Hh (N-Hh chol ) (19, 21, 22) . N-Hh has all the known signaling activity of Hh, while C-Hh is responsible for this processing reaction (7, 8, 13, 21, 23) .
The fact that purified Hh protein from a bacterial source can undergo cleavage in vitro first indicated that this is an autoproteolytic process (21) , and the concentration-independent kinetics of the reaction further suggested that it occurs by an intramolecular mechanism (23) . Based on the analysis of different forms of mutant Hh proteins, C-Hh was found to be the catalytic domain, whereas most of N-Hh is dispensable (21, 23) . The active site residues in C-Hh have been identified from its crystal structure and confirmed by sitedirected mutagenesis (24) . Further biochemical analysis led to the following model of a two-step reaction ( Figure 1) . First, the thiol group of the cysteine at the cleavage site makes a nucleophilic attack on the carbonyl group of the preceding residue, glycine, resulting in a thioester intermediate. Second, cholesterol, most likely by its 3-β hydroxyl group, attacks this thioester to form an ester-linked adduct to N-Hh and free C-Hh (19, 25) . While the second step can be driven by other nucleophiles in cell-free systems, there seems to be a specific requirement for sterol in vivo, since sterol deprivation blocks autoproteolysis of Hh in cultured cells (26) .
Several other proteins are likely to use autoprocessing mechanisms similar to that of Hh proteins. The nematode Caenorhabditis elegans has ten proteins with C-terminal regions homologous to C-Hh, though no bona fide Hh orthologs have been identified in this species (27) . Further, metabolic labeling of COS-7 cells with [ 3 H]cholesterol revealed its incorporation into several unidentified proteins, consistent with cholesterol addition to other mammalian proteins (19) . However, to date, the Hh family is the only example proven to have cholesterol modification.
Interestingly, C-Hh shows sequence and structural homology to self-splicing proteins (24) . Since the first step of the protein self-splicing is also the replacement of a peptide bond with a thioester or ester, this suggests the presence of a common evolutionary precursor with the functional module for the thioester/ester formation. From this ancestor, the two protein families must have diverged such that they can achieve cholesterol modification (Hh) or protein splicing (self-splicing proteins) through subsequent steps.
Hh autoprocessing appears to occur early in the secretory pathway, either within the endoplasmic reticulum or soon after entry into the Golgi apparatus. In vitro translation of Hh in the presence of microsomes gives rise to the mature protein (21) , and the precursor cannot proceed past the cis-Golgi cisterna within a cell, evidenced by its sensitivity to endoH glycosidase (26) . This may explain the lack of activity of the uncleavable mutant forms of Hh in fly embryos despite their intact signaling domains, for without processing, these proteins are not expected to be secreted from cells (21, 23) .
Developmental consequences of cholesterol modification of Hh
One outcome of cholesterol modification is the tethering of N-Hh chol to the membrane of producing cells. When expressed in tissue culture, N-Hh chol is barely detectable in the medium, and the vast majority of the protein remains associated with cells (7, 21-23, 25, 26) . In contrast, N-Hh unmod , a protein engineered by putting a stop codon at the cleavage point so that it cannot receive cholesterol but otherwise has the same sequence of amino acids as N-Hh chol , is efficiently secreted from the cultured cells (7, 22, 23, 25) . These results seemed incompatible with the proposed long-range morphogen activity of N-Hh chol , and they brought into question the in vivo role of this lipid anchor in Hhmediated signaling processes.
The importance of the cholesterol modification in the context of the embryo development has been tested by expressing the unmodified protein. In Drosophila, the expression of N-Hh unmod in the normal Hh expression domain results in a gain-of-function phenotype with an abnormally wide range of signaling (25, 28) . Thus, cholesterol appears to be required to limit diffusion of N-Hh chol , a result consistent with the above-mentioned cell culture experiments. Surprisingly, a similar experiment in mice led to the opposite conclusion: Mouse embryos with N-Shh unmod in place of the wild-type protein show limb patterning defects where the posterior-most digits (digits 5 and 4) that are specified by high doses of Shh close to the ZPA are normal, but anterior digits (digits 3 and 2), which form at a distance from the 592 The ZPA, are absent (13) . This result, together with the posteriorly restricted expression pattern of Shh target genes, suggests that cholesterol modification is essential for the long-range activity of Shh. The discrepancy between the fly and mouse data might reflect differences between the tissues studied in each case. In the fly ectoderm and wing disc, Hh signals within a continuous sheet of epithelium, while in the mouse limb bud, the signaling occurs across the mesenchyme. The area of the gradient formed in mice is also much larger. In addition, the different methods used to express N-Hh unmod or N-Shh unmod , namely, overexpression using the UAS/GAL4 system in flies versus expression from the endogenous Shh locus in mice, may explain the contrasting results. However, in both systems, it is clear that the cholesterol modification of Hh is required to confer the correct range and shape to the morphogen gradient and that cholesterol is not absolutely necessary for the signaling activity of the protein. (29) . Recently, N-Shh chol was shown to form hexamers in solution, presumably with the lipid modifications buried inside (14) . In light of this finding, Disp might be involved in the formation of a signaling aggregate that is then capable of diffusing away from Hh-producing cells. Simply liberating Hh from producing cells does not suffice to make a morphogen gradient, however. N-Hh chol , but not N-Hh unmod , requires the activity of tout velu (ttv) in the target cells to move across this field (30) . Ttv is an enzyme involved in heparan sulfate proteoglycan (HSPG) biosynthesis, so the interaction of N-Hh chol with HSPG may be important for its diffusion (31) . Ptc also plays an important role in shaping the gradient. This receptor not only transduces the Hh signal but also binds and internalizes Hh to restrict the range of diffusion (9, 32) . In the absence of Ptc, N-Hh chol shows unrestrained movement, much like N-Hh unmod . Conversely, effective sequestration by Ptc requires the cholesterol moiety (13, 28) . The SSD in Ptc was initially thought to enhance the interaction between N-Hh chol and Ptc by binding cholesterol directly, but this prediction is difficult to reconcile with the finding that N-Shh unmod and N-Shh chol have similar binding affinities for Ptc (20) . More importantly, mutations in the SSD of Ptc do not affect sequestration of Hh, although in some cases they yield dominant negative alleles that are unable to repress Hh signaling through Smo (33) (34) (35) . Therefore, the enhanced sequestration of N-Hh chol by Ptc is most likely due to some other cholesterol-dependent process, such as lipid raft association (Simons, this Perspective series, ref. 36 ; also see below). ptc is itself a transcriptional target of the Hh pathway, providing a feedback mechanism through which Hh controls its own gradient. In vertebrates, the gradient is further refined by Hedgehog-interacting protein (Hip), another antagonist of Hh signaling (37) . Hip also appears to function by sequestering Hh ligand. Because Hip does not have an SSD, it will be interesting to see whether it antagonizes the cholesterol-modified and unmodified proteins with the same efficiency.
Cholesterol and the morphogen gradient
In summary, the current model for the formation of Hh concentration gradient suggests a process far different from simple diffusion (Figure 2 ). Cholesterolmodified Hh proteins spread into the target field through multiple interactions with other components of the pathway. These interactions in turn allow layers of regulation, which might be important to make the precise and rigid morphogen gradient appropriate to 
Figure 1
The mechanism of Hh autoprocessing. In Drosophila Hh, the cleavage takes place between Gly257 and Cys258. In the first step, the thiol group of Cys258 makes a nucleophilic attack on the carbonyl group of Gly257 to replace the peptide bond with a thioester. 
Cholesterol as a lipid raft targeting signal
It is likely that the role of cholesterol modification extends beyond its effect on protein diffusion. One possible function of cholesterol is in targeting of a protein to lipid rafts, as demonstrated by the association of N-Hh chol with the rafts (38) . Lipid rafts are sphingolipid-and cholesterol-rich microdomains in lipid bilayers, which associate with specific proteins and behave as assemblies (39) . They are thought to be important in some signaling pathways by acting as organizing centers to concentrate the signaling components, and to be important in protein sorting within an epithelium. Concentration of N-Shh chol in lipid rafts may promote its hexamerization, or the interaction with Ptc, which also accumulates in these membrane microdomains (40) . Support for a role in protein sorting is hinted at by the subcellular localizations of Hh proteins in Drosophila ectoderm, where N-Hh chol appears as punctate basolateral structures while N-Hh unmod shows diffuse apical localization (25) . However, the functional significance of this distribution is unknown.
Palmitoylation of Hh
While N-Shh chol has been reported to have higher activity than N-Shh unmod in cell culture-based assays, it is not clear whether this is a direct effect, or an indirect effect due to the possible facilitation of the second modification, palmitoylation (14, 20) . Palmitoylation occurs at the N-terminus of the mature signaling domain and enhances its activity (41). The molecular basis of this increased potency is unclear, because it is not accompanied by an increase in binding affinity to Ptc. As the hydrophobicity of the moiety appears to be more important than its specific chemical nature, increased membrane association might be involved. In Drosophila, two lines of evidence suggest that the palmitoylation of Hh is absolutely required for its activity. First, a single gene variably named sightless (sit), skinny hedgehog (ski), central missing (cmn), and rasp encodes a putative membranebound acyl transferase required for the palmitoylation of Hh (29, (42) (43) (44) . In the mutants of this gene, Hh proteins are inactive regardless of their cholesterol modifications. Second, a form of Hh that cannot be palmitoylated because of a point mutation at its modification site lacks activity, and even displays dominant negative effect when overexpressed in the presence of normally processed Hh proteins (43, 45) . For Shh, the equivalent mutants retain activity to varying degrees depending on the assays, implying species-and tissue-specific effects of palmitoylation (45, 46) . Whether cholesterol enhances the potency of the ligand independently of palmitoylation could be determined by comparing the activities of N-Shh unmod and N-Shh chol where the palmitoylation site has been modified. In addition to increasing the specific activity, palmitoyl groups may cooperate with cholesterol to anchor Hh proteins on the membrane, or to target them to lipid rafts. Indeed, indirect evidence from cell culture studies indicates that Shh proteins that are both palmitoylated and cholesterol-modified bind to the membrane more tightly than those with only a cholesterol linkage (20) . Also, double acylation is required to direct several other proteins to lipid rafts while single acylation is not sufficient (39) . By analogy, both a cholesterol and a palmitoyl group might be necessary for incorporation of Hh proteins into lipid rafts.
Comparison of cholesterol and other lipid modifications
Lipid modification is a common strategy for targeting a protein to the membrane, but in most cases (with the exception of GPI anchors), it occurs in cytoplasmic proteins or cytosolic domains of transmembrane proteins (47) . GPI and the cholesterol modification of Hh are similar in that both are attached to extracellular proteins and serve as lipid raft targeting signals. Nevertheless, the finding that N-Hh GPI lacks the longrange activity of N-Hh chol (28) shows that GPI cannot replace cholesterol in Hh. This result is somewhat puzzling, because a recent study has indicated that GPI-linked proteins as well as cytoplasmic proteins anchored to the inner leaflet of the membrane can spread through the epithelium of the fly imaginal disc in membrane vesicles named argosomes, suggesting that the ability to support long-range movement is not limited to cholesterol (48) . Either N-Hh GPI is incorporated into the argosomes inefficiently, or, more likely, the long-range activity of Hh depends on other mechanisms that operate only on cholesterol-modified Hh and involve Disp and HSPG.
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Concluding comments
Owing to rapid progress over the last several years, we have a good understanding of the mechanism by which Hh becomes cholesterol-modified, but the functional significance of this event is poorly defined. Although in vivo studies with proteins that lack cholesterol demonstrate the importance of this modification in the regulated diffusion of ligand, it is unclear why cholesterol, instead of more common lipid adducts, is used for this purpose. The answer to this question most likely lies in the interaction of the ligand with SSD-containing components of the pathway, Disp and Ptc in the case of Hh. Perhaps the cholesterol-modified ligand and SSD-containing proteins coevolved as a morphogen gradient-generating system. In this regard, it will be informative to identify other cholesterol-modified proteins and see whether they also have cognate SSD proteins or make morphogen gradients. A cholesterol anchor would be just one of many different strategies embryos employ to control protein diffusion, for other morphogens form stable gradients without the use of lipid modifications (55, 56) . However, the membrane association that results from this moiety might be a particularly effective mechanism for long-range signaling, concentrating ligand in the membrane, and enhancing the probability of receptor-ligand interaction at low concentration thresholds, some distance from the signaling center. The second link between cholesterol and the Hh pathway -Smo inhibition by steroidal alkaloidsunderscores another long-standing question with respect to this pathway, namely, the mechanism by which Ptc and Smo activities are regulated in the signal-receiving cells. A growing body of evidence suggests that vesicular trafficking is involved (1), but how cholesterol might fit into this picture remains to be seen. In conclusion, investigations into the role of cholesterol modification have enhanced our understanding of Hh signaling, but they have also unearthed many fascinating questions. The next several years should prove to be as exciting a time in this field as the past few years have been.
